Abstract: An epizootic has been reported in Fiorinia externa populations in New York, Connecticut, Pennsylvania and New Jersey. Infected insects have profuse sclerotial masses enclosing their bodies. The most commonly isolated microorganism from infected F. externa was Colletotrichum sp. A morphological and molecular characterization of this fungus indicated that it is closely related to phytopathogenic C. acutatum isolates. Isolates of Colletotrichum sp. from F. externa in areas of the epizootic were similar genetically and were named Colletotrichum acutatum var. fioriniae var. nov. based on our findings. In vitro and in planta mating observed between isolates of C. acutatum var. fioriniae could serve as a possible source of genetic variation and might give rise to new biotypes with a propensity to infect insects. Only one other strain, C. gloeosporioides f. sp. ortheziidae, has been reported to show entomopathogenic activity.
INTRODUCTION
The ascomycete Colletotrichum Corda (1831) is a widely occurring and intensively studied plant pathogen and research has focused on its effects on plants (Sutton 1992) . One reported case of a member of this genus, C. gloeosporioides, causes epizootics on the scale insect Orthezia praelonga Douglas (1891) (Hemiptera: Coccoidea), a major pest of citrus in Brazil (FIG. 1S) . It first was identified by Batista and Bezerra (1966) and morphologically confirmed by the Commonwealth Agriculture Bureau International, CABI (H.C. Evans, CABI Report 1990) . Biological control of O. praelonga, using C. gloeosporioides, has been conducted in Brazil (Viegas et al 1995, Cesnik and Ferraz 2000) obtaining scale mortalities of 85-96% 70 d after application (Cesnik et al 1996) .
For most Colletotrichum spp. the complete host range is unknown (Fagbola and Abang 2004) . This genus is widely encountered in humid and subhumid tropics (Mills et al 1992 , Waller 1992 . Reports of new plant hosts are common. In New Zealand 39 hosts from 23 plant families have been reported (Simmonds 1965) . Xiao et al (2004) recovered this genus from 23 cultivated and noncultivated hosts in westcentral Florida. In Japan Moriwaki et al (2002) isolated 25 Colletotrichum spp. from 123 species within families such as Gramineae, Poaceae, Leguminosae and Cucurbitaceae. An extensive record of Colletotrichum hosts was made by Lenné (1992) , identifying nine species of the fungus associated with 102 species of plants (Sutton 1992) .
Colletotrichum spp. employ different infection strategies in plants ranging from endophytic to hemibiotrophic and subcuticular intramural growth (Smith et al 1999) . In many of the reported hosts, quiescent mesophyll intercellular mycelia instead of necrotrophic growth was observed (Wei et al 2004) .
This paper presents the second report of a member of the genus Colletotrichum infecting an insect and the first report of infection of an insect by a species of Colletotrichum in North America. In 2002 a natural epizootic associated with a complex of fungi was observed in populations of elongate hemlock scale, Fiorinia externa Ferris (Hemiptera: Coccoidea), a pest of eastern hemlock (Tsuga canadensis [L.] Carrière) (McClure 2002) .
F. externa occurs at higher densities within a 300 km radius of New York City (Danoff-Burg and Bird 2002) , and its distribution spans from southern New England to western Ohio and Tennessee (Johnson and Lyon 1988 , USDA Forest Service 2004 , Lambdin et al 2005 . Chemical and classical biological control approaches have not been successful in halting the spread of this pest. A rapid resurgence of scales after chemical treatments occurs in the next generation due to a density dependent feedback stimulated by lack of competition for resources and resulting in fecundity of the insect pest (McClure 1978a) . Natural enemies of the Fiorinia scale (e.g. the aphelinid parasitoid, Encarsia citrina Craw [5 Aspidiotiphagus citrinus Howard] [Hymenoptera: Aphelinidae]) has shown inconsistent results in control rates due to lack of synchrony between the life cycles of both species (McClure 1978b) .
Pathogens have long been known to play a major role in the population dynamics of many important forest pests. Economically the use of entomopathogenic fungi offers a unique alternative to a chemical control approach of an insect pest (Wraight et al 2001) . Successful biological control efforts using fungi have been extensively reported (Keller et al 1997 , Inglis et al 200, Meekes et al 2002 . Moreover some insect pathogenic fungi are commercially used FIG. 1. A. Perithecia in planta from cross-fertile strains of Colletotrichum sp., ERL 1385 3 EHS 58 . B. intact ascus. C. Free ascospores. D. Perithecia discharging ascospores. E. Appresoria of C.a. fioriniae strain EHS 47 , from epizootic site. F. Appressorium of C. gloeosporioides, strain EMA 26 , from Brazilian epizootic. G. Conidia from C. gloeosporioides, EMA 26 ; H. ARSEF 4630 . I. C.a. fioriniae, strain EHS48, from epizootic area. J-M. Morphological plasticity and overlapping phenotypes of C.a. fioriniae strains from epizootic localities. N. Top and O. Reverse of C.a. fioriniae strain EHS 58 in PDA at 25 C. P. Conidia produced by C.a. fioriniae from epizootic site. Q. Strawberry stem from cross-fertile bioassay presenting profuse conidia masses. R. Birch toothpick from cross-fertile bioassay with conidia masses and sterile tridimensional structures. S. Adult O. praelonga infected with C. gloeosporioides f. sp. ortheziidae (orange masses). Brazil. T. Adult F. externa with epizootic USA. Bars: A 5 200 mm; B, C, E, F 5 20 mm; D 5 60 mm; G-I 5 15 mm, T 5 0.5 mm 354 MYCOLOGIA as myco-insecticides. The use of these fungi, under suitable environmental conditions, might be an important tool in inexpensively maintaining insect populations. In addition one of the major advantages of using pathogenic fungi is that they can establish and self perpetuate in the host, thus becoming a practical pest management option. The entomopathogen Entomophaga maimaiga Humber, Shimazu & Soper was introduced in USA in the early 1900s, but it was not until 1989 that an epizootic was observed in populations of Lymantria dispar L. (Lepidoptera: Lymantriidae) in northeastern USA. This fungus now is considered a more effective pathogen than nuclear polyhedrosis virus, NPV (Hajek et al 1996 , Dwyer et al 1998 , Otvos 2004 . If steps are taken to maintain or amplify the already established fungal epizootic in F. externa populations in northeastern USA it could ensure that the epizootic in F. externa would be sustained and natural control of this pest would continue. F. externa together with the hemlock woolly adelgid, Adelges tsugae Annand (Hemiptera: Adelgidae), are causing a significant decline in what had been one of the dominant components of New England's forests for the past 8000 y (Foster and Zebryk 1993 , Danoff-Burg and Bird 2002 , Snyder et al 2002 . While no estimates of the economic damage done by these two pests have been published, a drastic decrease in hemlock forests has been quantified 1984 -1994 (Royle and Lathrop 2002 . Eastern hemlock plays a key role in maintaining balanced, stable forest ecosystems influencing long-term site quality and species dynamics (Mladenoff 1995) . They play a particular important ecological role along streams, where their shade provides shelter, sustains aquatic ecosystems and creates unique microclimate for forest wildlife (Howe and Mossman 1995 , Wydeven and Hay 1995 , Crow 1995 , Howard et al 2000 . The effects caused by the progressive disappearance of eastern hemlock forests, which form a critical component of riverine systems in northeastern USA, would drastically alter these environments and likely place many species at risk.
Black sclerotial masses covering 80-100% of the bodies of F. externa were observed in northeastern hemlock forests [2002] [2003] [2004] [2005] [2006] (FIG. 1T) . Mortality of F. externa reached 36.8% in nature and . 90 and . 55% in controlled laboratory experiments with F. externa crawlers and settlers respectively (Marcelino et al 2008a) . Although the geographical origin of the epizootic is unknown it has been detected in 36 sites in New York, Connecticut, Pennsylvania and New Jersey.
The objective of this work was to characterize morphologically, biologically and molecularly the Colletotrichum sp. isolated from F. externa and to compare it to selected plant pathogenic strains in the same genus.
MATERIALS AND METHODS
Morphological plasticity.-Morphological plasticity was determined for 26 pure cultures of Colletotrichum sp. isolated from F. externa collected in Bayberry Lane, Mohonk, Esopus and Ward Pound Ridge Reservation, New York, grown on potato dextrose agar media (PDA) maintained at 10, 15, 20 and 22 C. These fungal characteristics were monitored visually after 10 d: mycelium color, mycelium pigmentation, media pigmentation and presence and abundance of conidial masses. Monoconidial isolates and isolates derived from fungal suspensions in sterile distilled water were inoculated into 20 mL potato dextrose agar (PDA) medium and cultured in Petri dishes. A stage-mounted DC3001 micromanipulator (World Precision Instruments Inc., Sarasota, Florida) was used to obtain monoconidial isolates. The experiment was repeated three times for all isolates.
Sexual recombination.-Cross-fertile sexual recombination was attempted in vitro by testing all combinations of crosses between these 20 d old cultures: Colletotrichum sp. isolates from the same and different localities of the epizootic; the single known entomopathogenic strain of C. gloeosporioides from Brazil (ARSEF 4360 ); two plant pathogenic strains, ERL 1395 and ERL 1385 , isolated from a golden delicious apple and a tulip tree (Liriodendron tulipifera L.) growing in the area of the epizootic (TABLE I) .
In vitro crosses were done on minimal salts medium (MSM), according to the protocol by Guerber and Correll (2001) . Petri dishes were sealed with parafilm. Plates were incubated at room temperature (22 6 0.5 C) with two constant cool white fluorescent lights placed 1.2 m above the plates and four additional lights 2.5 m away on surrounding walls. Autoclaved birch (Betula sp.) toothpicks (Diamond Brand Inc., Minneapolis) and excised 2 cm long strawberry stems sterilized with propylene oxide were used as substrates to assess cross fertilization. Substrates were arranged in an N pattern. Mating plates were screened after 40 d to detect the presence of perithecia in the middle toothpick or stem, where the probability of self fertilization was reduced. The cross-fertilization experiment using toothpicks was repeated twice, whereas the one with strawberry stems was conducted once.
In planta sexual crossings were performed according to protocols from Cisar et al (1996) 
EF593365
* Nonparametric ranking comprising overall strain performance based on germination rate, speed of growth and conidia production (Parker et al 2005) . Inoculated plants were held in a dew chamber (3.95 m high 3 1.10 m wide 3 1.10 m deep, built with 2.5 cm diam PVC pipe and covered with plastic) for 24 h at 22 6 1 C, according to protocols of TeBeest (1988) , and placed in a greenhouse at 22 C for 8 d. Afterward the same bruises were inoculated with the alternate strain (i.e. EHS 58 followed by ERL 1385 or ERL 1385 followed by EHS 58 , depending on the first strain initially inoculated). Re-inoculated plants again were held in the dew chamber 24 h then moved to the greenhouse. For the first set of plants (six replicates) sample stems were excised weekly, whereas for the second set of plants (four replicates) the stems were excised at 3 and 6 wk. A 2 cm sample was excised from each plant and placed in MSM medium with penicillin (5 mL/l) and streptomycin (12.5 mL/l) and maintained in a growth chamber at a 8:16 h photoperiod (L:D) and 22 C. They were examined for the presence of the teleomorph stage (Glomerella) weekly for a month. The experiment above was repeated using the bean plants and inoculated with ERL 1385 and another entomopathogenic strain, EHS 48 from Bayberry Lane, New York.
Measurements of fungal structures.-Conidial spores were harvested from 14 d old monoconidial PDA cultures of 26 Colletotrichum sp. isolated from the epizootic in USA and two Colletotrichum f. sp. ortheziidae from the epizootic in Brazil. Spores were stained with cotton blue lactophenol to enhance contrast. Appresoria were produced on 1 cm diam strawberry leaf disks. A drop of culture suspension was placed on individual leaf disks. Samples were incubated for 24 h at 22 C in Petri dishes lined with moist filter papers. Appresoria were removed from leaves using the Scotch TM tape print technique of Gouli et al (2005) , stained with cotton blue lactophenol to enhance visualization and avoid plant tissue interference. Conidia and appresoria were viewed with a 40x phase-contrast Trinocular BH2 Olympus compound microscope and photographed with a CCD digital camera (Pixelink, Vitana Corp., Ottawa, Canada). Measurements of length and width were taken (n conidia 5 1751; n appresoria 5 1387), from which shape and elliptical form factors were calculated with the formulas below (MetamorphH software, Universal Imaging Corp., West Chester, Pennsylvania). Intact perithecia were removed from bean stems with a sterile insect pin and placed in a glass slide, submerged in a droplet of distilled water and mounted with a cover slide and photographed at 40x in an Olympus BX51 photomicroscope connected to an AxioCam HC camera (Carl Zeiss Inc., Oberkochen, Germany). Ascospores extruded from perithecia were viewed in distilled water and photographed using the same procedures. Length, width, area and shape were calculated for both perithecia (n 5 40) and ascospores (n 5 119). In addition the elliptical form factor was calculated for the perithecia. These values were calculated with MetamorphH software:
Elliptical Form Factor~L ength Breadth
Ratio of object 0 s breadth to its length ð Þ P 5 Perimeter; A 5 Area Appressorium length 5 Longest chord through the object Appressorium width 5 Horizontal dimension of the object Adapted from MetamorphH (2003) Statistical analysis.-The Student-Newman-Kuels test (a 5 0.05) was used to identify significant difference between the morphological parameters obtained for the isolates tested.
Statistical analysis was performed with SASH (SAS Institute 1990) software.
Phylogenetic analyses.-Six pure strains of Colletotrichum sp. obtained from F. externa were chosen for molecular analysis based on data for germination, growth rate and conidial production (Parker et al 2005) . The rDNA from these entomopathogenic and phytopathogenic strains also was sequenced: C. gloeosporiodes. f. sp. ortheziidae (ARSEF 4360 ) from the USDA-ARS collection of entomopathogenic fungal cultures; C. gloeosporiodes. f. sp. ortheziidae from EMBRAPA, Brazil (EMA 26 ); and C. acutatum, ERL 1379 and ERL 1380 (TABLE I) . These genes were used to characterize selected isolates: D1/D2 region of the 28S ribosomal DNA, with primers NL1 and NL4 (O'Donnell 1992 (O'Donnell , 1993 commonly used for phylogenetic analysis at the genus level and above (Hillis and Dixon 1991) ; internal transcribed spacers ITS1 and ITS2 with primers ITS1 and ITS4 (White et al 1990) for within-species differentiation (Afanador-Kafuri et al 2003); introns of glyceraldehyde-3-phosphate dehydrogenase (GPDH), associated with the infection process of Colletotrichum (Wei et al 2004) , with primers GDF1 and GDR1 (Templeton et al 1992) ; glutamine synthetase protein (GS), highly expressed during pathogenesis with primers GSF1 and GSR1 (Stephenson et al 1997) ; and newly constructed internal primers GLUintF1 (59-AGCCGGAAGTCGGAGA CATCCCG-39) and GLUintR2 (59-CGTTGCTGTTCT CCACGCAAT-39). The b-tubulin 2 protein encoding gene, used to distinguish fungi at deep phylogenetic levels (Thon and Royse 1999, Lubbe et al 2004) , was amplified with primers TB5 and TB6 (Pannacione and Hanau 1990) . The mating-type gene (MAT 1-2) from the high mobility box (HMG), used to study fungal biology (Turgeon 1998 ), was amplified with primers HMGacuF and HMGacuR (Du et al 2005) . A genetic characterization of representative Colletotrichum sp. isolates from the different regions of the epizootic, the Brazilian entomopathogenic C. gloeosporioides (ARSEF 4360 ) and the phytopathogenic C. acutatum (ERL 1379 ) was conducted with randomly amplified polymorphic DNA (RAPD), with primers derived from repeated sequences GACA (4) (Weising et al 1989) , GACAC (3) (Gupta and Filner 1991) and ACTG (4) (Freeman et al 1995) .
DNA was extracted from 1 wk old cultures with the Power Soil TM DNA kit (MoBio Laboratories Inc., Carlsbad, California) and the FastPrep TM FP120 machine (Thermo Savant, Holbrook, New York). Samples were shaken 5 min at 5.5 m/s to break open fungal cell walls. This modification was made to the Power Soil TM DNA kit: DNA was eluted with 100 mL of diluted elution buffer AE from QIAGEN (1:15) containing 10 mM of Tris and 0.5 mM of EDTA and concentrated down to 20 mL with a speed vacuum (Eppendorf Centrifuge 5415 C, Vaudaux, Schönenbuch, Switzerland).
Polymerase chain reaction (PCR) was performed with Ready-To-Go PCR beads (Amersham Biosciences Inc., Piscataway, New Jersey). Genes were amplified with this protocol: initial denaturation at 95 C for 2 min, followed by 30 cycles of 95 C for 30 s (denaturation), 50 C for 30 s (annealing) and 72 C for 1 min (elongation) with changes in annealing temperature, ITS (52 C), GPDH (54 C), btubulin 2 (65 C) and MAT 1-2 (55 C). RAPD were amplified with Freeman et al (1995) protocols. PCR products were purified with the QIAGEN QIAquickH PCR purification kit (Valencia, California) or Princeton Separations Centri Spin TM columns (Adelphia, New Jersey). DNA was stored at 4 C. PCR products were sequenced with BigDye v1 and BigDye v3 terminator cycle sequencing kit (Applied Biosystems, Foster City, California) with this protocol: initial denaturation at 95 C for 3 min, followed by 30 cycles of 95 C for 10 s (denaturation), 50 C for 5 s (annealing) and 60 C for 2 min (elongation).
Sequencing reactions were run on a 3130 3 l Genetic Analyzer (Applied Biosystem, Foster City, California). Chromatograms were edited and contiguous sequences were generated with Sequencher TM (Gene Codes Corp., Ann Arbor, Michigan). Sequences were analyzed with related sequences obtained from GenBankH (Templeton et al 1992; Dufresne 1997; Nirenberg et al 2002 , Lubbe et al 2004 , Du et al 2005 , Talhinhas et al 2002 with the exception of the majority of GPDH and GS sequences, which were not available in GenBank and were transcribed manually from Liu (2002) . Introns were aligned individually with the aid of Clustal W (Chenna et al 2003) and retrieved with Jalview software (Clamp et al 2004) . Exons were aligned separately based on their respective protein sequences with McClade (Maddison and Maddison 1992) . Because rDNA analyses have not resolved the phylogenetic relationships within Colletotrichum spp. (Crouch et al 2005 , Du et al 2005 outgroups were chosen based on their genetic distance to strains used in the phylogenetic analysis. These outgroup taxa were used: C. malvarum (Z18981) for the D1/D2 domain of the 28 S gene; C. malvarum (949C3E55) and C. gloeosporioides (9E1589A5) for the GS gene; C. kahawae (AY376588) and C. gloeosporioides (AY376582); Glomerella cingulata (M93427) and G. cingulata (7BDBDAF86) for the GPDH gene; C. coccodes (AY3766528) for the ITS region; and C. gloeosporioides (DQ002823) for the HMG at the MAT1-2 gene.
Phylogenetic trees were estimated with maximum parsimony as implemented in PAUP 4.0b10 (Swofford 2002) . One representative isolate was included in the analysis because the genomic sequences of Colletotrichum sp. from all the regions of the epizootic were identical for all genes analyzed. Sequence gaps were treated as missing data. Bootstrap analysis was performed with 1000 bootstrap replications with 30 random additions of taxa. Multiple equally parsimonious trees were combined into a single strict-consensus tree. Only bootstrap values above 70 were included in the final trees. Sequences in this analysis were deposited in GenBank (accession numbers are included in TABLE I ). The sequence alignment for all the genes sequenced and respective phylogenetic trees also will be deposited in TreeBase databases (accession numbers to be assigned). Primers were excluded from published sequences and sequence alignments.
RESULTS
Morphological plasticity.-Isolates used in this study showed a wide range of morphological variability often presenting several phenotypes as sectors within a colony (FIG. 1J-N) for both single-spore and suspension-derived isolates (TABLE II) .
Mycelium ranged from gray or black when cultured on PDA at 10 and 15 C to pink or orange at 20 and 25 C. Multiple colors were present at times in the mycelia and the media (FIG. 1M) . Chromogenic media pigmentation, typical of C. acutatum, was observed at 20 and 25 C in most of the isolates with gray and/or pink mycelium (FIG. 1O) . Single-spore isolates showed a stronger black pigment in the media at 10 C than the suspension-derived isolates, which turned gray at 10 C. Only isolates EHS 46 , EHS 50 and EHS 51 produced orange mycelium consistently at all test temperatures. For the remaining isolates gray mycelium pigment was observed at all temperatures. Aerial mycelium was seldom observed at all temperatures and in all isolates. Conidial masses (FIG. 1P) were not observed on single-spore cultures but did occur in cultures derived from suspension at 20 C (TABLE II) . Statistical analysis was not performed on these data because only the presence or absence of pigment was recorded. In general isolates grown at 10 C or 15 C (both single spore or suspension derived) produced gray mycelium, with sectors of other colors. In contrast at 25 C most isolates produced an equal combination of gray and pink mycelia with local sectors of other colors. Single-spore isolates were more uniform in color although color differences were common at 15 and 25 C.
358 MYCOLOGIA Sexual recombination.-In vitro crossings were partially successful when using toothpicks as a substratum (TABLE III) . Cross-fertile recombination on toothpicks appeared to be incomplete in both repetitions of the experiment although tridimensional sterile structures were observed together with profuse conidial masses (FIG. 1R) especially on diagonally placed toothpicks (N). For EHS 48 79% of the attempted crosses resulted in the production of these sterile structures. The phytopathogenic isolate (ERL 1395 ) did not produce sterile structures in any crosses with the epizootic strains. The tulip tree isolate (ERL 1385 ) produced sterile structures in 64% of the attempted crosses. The number of sterile structures was observed to be higher in crosses with isolates from different geographic origins. The crossfertile bioassay using strawberry stems as a substratum produced profuse conidial masses (FIG. 1Q) .
In planta cross fertilizations with strawberries and beans as substratum were successful only in the latter. At 4 wk and after 1 wk from excision from the plant, profuse numbers of perithecia were observed in selffertile cross of EHS 58 3 EHS 58 The cross-fertile ERL 1385 3 EHS 58 produced perithecia after 5 wk in planta (FIG. 1A) and after 1 wk on excised stems in Petri dishes (FIG. 1D) . Perithecia were produced in planta in two of the stem cuts in one of the experimental bean plants and in vitro in two bean stems cultured in MSM for 1 wk. Perithecia were not produced in a repeated experiment on beans. However the perithecia produced in the bean stems in the first experiment were fertile, generating asci containing eight visible ascospores (FIG. 1B) .
Measurement of fungal structures.-Wide ranges in the dimensions of the different propagules were measured. The mean conidial length of the 26 entomopathogen Colletotrichum sp. strains (FIG. 1I) was significantly smaller (5.61-8.57 3 2.73-4.22 mm) than the reported means for C. acutatum (TABLE IV) . The ranges of means for Brazilian isolates of C. gloeosporioides f. sp. ortheziidae, EMA 26 (FIG. 1G) and AR-SEF 4360 (FIG. 1H) were 10.35 3 2.50 mm and 11.88 3 2.37 mm respectively. These ranges were significantly lower than those obtained for the Colletotrichum sp. isolates from sampled epizootic areas, with the exception of isolates EHS 51 , EHS 52 and EHS 56 , which were within the range of widths for EMA 26 Conidia of C. gloeosporioides f. sp. ortheziidae (EHS 35 ) were more oblong than the entomopathogenic Colletotrichum sp. from F. externa. In addition the range of means for C. gloeosporioides f. sp. ortheziidae also was smaller than that reported for C. gloeosporioides. Only one strain of Colletotrichum sp., EHS 41 , was significantly different from all the other strains with respect to the spore area (TABLE IV) .
The mean appresoria size (length 3 width) of the entomopathogenic Colletotrichum sp. (FIG. 1E) , No ovoid perithecia were found among specimens retrieved from plant stems, whereas in Petri dish cultures 21% of 26 perithecia were ovoid. The ratio of perithecium breadth to length (elliptical factor) was not statistically different for perithecia in planta and on MSM. The length was greater than the width, with a more marked difference in the perithecia from MSM. The area of the perithecia produced in planta (32211.60 mm 2 ) was significantly different from those produced on MSM (8639.28 mm 2 ). Ascospores discharged from all perithecia measured were smaller than those reported for G. acutata (TABLE VI) . However differences in area were found between ascospores from perithecia in planta (FIG. 1C) ). These differences also were found in the shape factor (TABLE VII).
Molecular analysis.-A RAPD analysis of seven representative isolates of Colletotrichum sp. from the epizootic and a single phytopathogenic C. acutatum isolated from blueberry (ERL 1379 ) showed identical band patterns (FIG. 2) . However some genetic variation was observed between the strains of Colletotrichum from the epizootic area in northeastern USA and the Colletotrichum sp. from the entomopathogenic C. gloeosporioides collected in Brazil (ARSEF 4360 ).
We sequenced six genes from seven strains of Colletotrichum isolated from the F. externa epizootic and two C. gloeosporioides f. sp. ortheziidae strains from the epizootic in Brazil. These genes comprise a total of 3121 base pairs. Parsimony informative characters for the respective genes in the analysis were: GPDH (72.1%); HMG at the MAT1-2 (56.6%); GS (34.6%); b-tubulin (26.2%); ITS (16.8%) and D1/D2 region of the 28S rDNA (3.4%). Colletotrichum and C. gloeosporioides nucleotide sequences obtained for the six genes were compared individually with related sequences from GenBank using BLAST. A subset of sequences with similarity at or above 90% were retrieved from GenBank and incorporated in the dataset used for the phylogenetic analysis included herein. Colletotrichum isolated from F. externa and C. gloeosporioides isolated from O. praelonga were found to be most similar to known representative phytopathogenic C. acutatum species. For the ITS sequences Colletotrichum from F. externa was identical to C. lupini (FIG. 3) . The mean character difference for the respective genes used in the analysis between the two entomopathogenic Colletotrichum spp., listed in decreasing order, is GPDH (8.4%), GS (5.9%), b-tubulin2 (4.1%), HMG at MAT1-1 (3.7%), ITS (1.3%) and the D1/D2 region of the 28S rDNA (0.36%). We could not analyze a concatenated dataset of all the genes because sequences are not available for the same taxa in all genes. With the exception of the two ribosomal sequences, ITS and the 28S, the analysis from all other genes analyzed show strong support for the placement of the two entomopathogenic forms within a monophyletic C. acutatum, despite the different taxa used for each gene (FIGS. 4, 5, 6) . The GPDH gene showed the greatest divergence between the F. externa-derived Colletotrichum and C. gloeosporioides from O. praelonga, despite having sequenced 248 base pairs (FIG. 5) . GPDH had the largest number of well supported branches, whereas 28S had the least. Etymology. From the Latin differt in 5 ''differs in being parasitic on''.
Perithecia in planta globose to ampulliform, more frequently ampulliform, 198.68 3 183.75 mm (length 3 width). Perithecia in vitro varying from ampulliform, globose and ovoid, mainly ampulliform or globose, 115.39 3 108.83 mm. All perithecia ostiolate, dark brown becoming ferruginous when observed under light, with setaceous hairs in the ostiole. Measurements for self-fertile sample were not estimated due to copious saprophytic growth in the sample. Gouli var. nov. Similar to Colletotrichum acutatum but differing in its pathogenicity on Fiorinia externa Ferris (Hemiptera: Coccoidea). Anamorph colonies presenting a wide morphological variability, often with several phenotypes as sectors within a colony, in both single-spore and suspension derived isolates cultured in PDA at constant 0:24 h photoperiod (L:D) and 15, 20, 25 C. Mycelium color at 10 C was gray, whereas at higher temperatures several colors (black, gray, orange, pink, red, white) within a colony were present in mycelium and media. Superficial and aerial mycelia were both observed within a colony, more often superficial. Pink mycelium and chromogenic media pigmentation were abundant at 20 and 25 C. Conidial masses were observed only in suspension derived isolates. Scattered and often abundant conidiomata were observed at 25 C. Single-spore isolates were more uniform in color although color differences were common at 15 and 25 C. Remarks. Anamorph form associated with an epizootic in Fiorinia externa scale insects within New York, Pennsylvania, Connecticut and New Jersey. Parasitic on Fiorinia externa and endophytic in 28 species of plants in all strata of hemlock forests where epizootic occurs. Sample insects of mummified Fiorina externa were surface sterilized with 0.1% NaOCl for 8 s. Fungal strains were cultured in PDA with antibiotics (streptomycin, 12.5 mL/l and penicillin, 5 mL/l) and singlespored in PDA a posteriori.
DISCUSSION
The work herein reports on the occurrence of Colletotrichum acutatum var. fioriniae isolated from F. externa in 36 localities in New York, Pennsylvania, Connecticut and New Jersey. This fungus also was found endophytically in the majority of plants tested in the sampled areas (Marcelino et al 2008b) .
Twenty-six entomopathogenic isolates of Colletotrichum sp. obtained from F. externa, originating from four different geographic localities of the epizootic, were characterized morphologically to determine whether they were the same strain and to compare them to known Colletotrichum species to assess their closest relative. Included in this analysis is the only other known Colletotrichum sp. to cause an epizootic in insects, C. gloeosporioides f. sp. ortheziidae, obtained from two distant geographic localities from its epizootic areas in Rio de Janeiro and São Paulo, Brazil.
Our morphological and molecular data indicated that the fungus isolated from F. externa in the epizootic belonged to the genus Colletotrichum and that it was identical to the species C. acutatum. Colletotrichum affects a wide variety of plants (Lenné 1992 , Lardner et al 1999 , Moriwaki et al 2002 with C. acutatum and C. gloeosporioides known to be the most cosmopolitan species. Reports of plant pathogens infecting insects are uncommon. Within the genus Colletotrichum there is only one other published case, that of C. gloeosporioides f. sp. ortheziidae infecting the scale Orthezia praelonga in Brazil (Cesnik and Ferraz 2000) . Our data indicate that C. acutatum var. fioriniae is associated with the epizootic in F. externa. The phylogenetic analysis obtained from four of the six genes, ITS (FIG. 3) , GS (FIG. 4) , GPDH (FIG. 5) and b-tubulin2 suggests that the divergence in host utilization, from plant to insect, of both C. acutatum var. fioriniae and C. gloeosporiodies f. sp. ortheziidae are independent events. However, when using the HMG at the MAT1-2 gene, both (FIG. 6) taxa form a monophyletic group, perhaps due to sampling error. Both Colletotrichum strains retrieved from F. externa and O. praelonga appear to be derived from C. acutatum.
With the exception of conidia and ascospore size, there is congruence between the two reliable morphological measurements and results obtained with molecular data. Thus we name this fungus isolated from F. externa in the northeastern epizootic region of USA C. acutatum var. fioriniae var. nov. 
MYCOLOGIA
We observed an array of phenotypes and sectors in cultures for Colletotrichum sp. recovered from F. externa. The highest level of variability in pigmentation occurred at 20 C and the lowest at 10 C. Fungal phenotypic plasticity and sectoring is a common phenomenon in vitro found to be associated with several species of fungi including Colletotrichum and attributed to mutations, retrotransposons and recombination (Zhu and Oudemans 2000 , Perkins et al 2001 , Kaboré et al 2001 , Takano et al 2001 , Li et al 2005 . However the C. a. fioriniae phenotype was unusual in that we observed up to five pigments in both the mycelium and medium in pure cultures. This variation demonstrates a high rate of morphological/physiological heterogeneity in this variety of C. acutatum. In contrast the two C. gloeosporioides f. sp. ortheziidae Brazilian strains tested did not display this plasticity in culture, presenting a consistent orange (ARSEF 4360 ) and gray mycelia (EMA 26 ) at both 15 C and 25 C.
Conidia of the 26 isolates of the entomopathogenic Colletotrichum sp. were smaller (5.61-8.57 mm) than the reported length for the C. acutatum species complex. The two entomopathogenic strains of C. gloeosporioides f. sp. ortheziidae, also produced smaller conidia, than that reported for the C. gloeosporioides species complex. Appresoria length and width of both Colletotrichum sp. and C. gloeosporioides f. sp. orthezii- dae were consistently within the lower range of that reported for C. acutatum and C. gloeosporiodes. In both species appresoria were mainly ovoid.
Segregation of species based on morphological characters in the genus Colletotrichum has been based primarily on measurements of appresoria. Although we found that conidial size for both entomopathogenic strains from USA and Brazil are outside the reported range for other Colletotrichum strains, we do not believe that this result alone is a reliable means of differentiating species because the standard method for measuring spores is inconsistent. The method involves placing propagules, suspended in water on a slide, where they can be oriented in different directions or can move due to brownian motion, hence biasing readings. In contrast these problems are avoided when measuring appresoria using the Scotch TM tape print technique .
Therefore it is not surprising that the appresoria measurements made for Colletotrichum sp. and C. gloeosporioides f. sp. ortheziidae fit within the range of Colletotrichum albeit in the lower range of the spectrum. We detected sexual reproduction in planta using snap bean as a substratum in crosses between Colletotrichum sp. strains from F. externa and from a tulip tree from the epizootic area. Successful sexual reproduction also was detected in vitro after 1 wk culturing of stems excised from beans and cultured on MSM. However reproduction was stalled when birch toothpicks were used as a substratum and no reproduction was observed with strawberry stems. Self fertilizing was detected in a self-cross with the entomopathogenic Colletotrichum sp. (strain EHS 58 3 EHS 58 ). Our data cannot differentiate as to whether the sexual cross obtained between Colleto- 368 MYCOLOGIA trichum sp. from F. externa and Colletotrichum sp. from a tulip tree was homothallic or heterothallic because we obtained the perfect stage (Glomerella) with different and same strain crosses. However these crosses do indicate that sexual reproduction can occur in this strain, possibly resulting in the adaptation to new hosts (Guerber and Correll 2001) and generation of new biotypes. The crosses observed in beans were fertile. Perithecia, produced by the perfect stage of Colletotrichum (5 Glomerella), generated asci containing eight ascospores. The mean range for the perithecia (length 3 width) retrieved after excised stems were placed in MSM were not within the reported range of Glomerella acutata (115.39 3 108.83 mm), whereas perithecia retrieved directly from stems in planta were within the reported range of G. acutata (198.68 3 183.43 mm). Size differences also were observed with perithecia retrieved from excised stems after 1 wk of culturing on MSM, presenting a mean area almost four times smaller than the area of the ones retrieved directly in planta (TABLE VI) . Differences in the size of the ascospores produced in asci by the two types of perithecia also were found, with ascospores produced in perithecia directly retrieved from the stems being slightly smaller than the ones from perithecia in snap bean stems cultured in MSM. Incongruence between the size of perithecia and ascospores might result from differences in the environments in which the fruiting bodies were obtained. Perithecia values within the reported range were obtained from plants reared in a greenhouse with natural photoperiod, whereas smaller and out of range values were obtained from plant material in Petri dishes, in MSM media, in a growing chamber at a constant 8:16 h photoperiod (L:D) and sealed with parafilm. Like the previously reported conidial spore measurements, and for similar reasons discussed above, the ascospores of Glomerella sp. were not within the reported range for G. acutata.
Our molecular data indicate that a single population lineage of Colletotrichum from F. externa, henceforth referred as Colletotrichum acutatum var. fioriniae, is present in the sampled epizootic area. A RAPD analysis (FIG. 2) shows molecular homogeneity in C. acutatum var. fioriniae strains sampled within the epizootic and a C. acutatum obtained from blueberry. However differences were found between these apparently homologous strains and that obtained from C. gloeosporioides f. sp. ortheziidae.
A similar pattern was seen when six nuclear genes (i.e. the D1/D2 region of the 28S ribosomal DNA, ITS region, b-tubulin 2 gene, GPDH gene, GS gene and the high mobility group of the mating-type gene, MAT1-2) were analyzed for these taxa. No differences were found between the C. acutatum var. fioriniae strains collected within the area of the epizootic and C. acutatum from a blueberry. As with the RAPD analysis, differences where found in the genes analyzed among C. acutatum var. fioriniae and C. acutatum strains and C. gloeosporioides f. sp. ortheziidae.
A BLAST analysis of data in GenBank with sequences of the nuclear genes listed above, obtained from both Colletotrichum acutatum var. fioriniae and C. gloeosporioides f. sp. ortheziidae, retrieved records of C. acutatum, some of which were identical. In addition when using the ITS sequence we also retrieved another identical taxa, C. lupini (AJ301968).
Data collected indicates that C. gloesporioides f. sp. ortheziidae appears to have attained specificity for Orthezia praelonga (Teixeira et al 2001 , Jonsson and Genthner 1997 , Castro et al 1998 . This form is being used effectively as a biological control agent in Brazil (Cesnik and Ferraz 2000) and is under commercialization (R. Cesnik pers comm). It is possible that these two strains of Colletotrichum are at different stages of a host adaptation process. Data collected suggests that while Colletotrichum acutatum var. fioriniae still retains some capacity to invade plants endophytically (Marcelino et al 2008b) , C. gloeosporioides f. sp. ortheziidae appears to have lost this capacity.
It has been suggested that C. acutatum might have a broader host range than what has been reported (Peres et al 2005) . The cosmopolitan preference of this species for plants may pre-adapt it to infect radically different hosts. The means by which such wide range of preference in hosts can be achieved by this pathogen are uncertain (Wei et al 2004) . The ability to expand host range can result from genetic variation subsequent to sexual crossing. While we do not know whether Colletotrichum acutatum var. fioriniae can produce a heterothallic cross, we have induced an homothallic cross and generated the sexual stage, Glomerella, in our crosses. It is possible that Colletotrichum acutatum var. fioriniae with its new propensity to infect insects instead of plants might have resulted from same sex mating. This type of reproductive strategy would produce meiotic clones, perhaps explaining the molecular homogeneity of the Colletotrichum acutatum var. fioriniae strains sampled within the area of the epizootic. A similar case of recombination via same-sex mating and subsequent expansion to new geographical niches has recently been reported for Cryptococcus gattii (Fraser et al 2005) .
In most Colletotrichum spp. affecting plants the prevalent mode of reproduction is clonal, however heterothallic intercompatibility has been reported (Roca et al 2004 , Vaillancourt et al 2000 , Crouch et al 2005 .
The northeastern USA forest area where the epizootic has occurred provides optimal conditions for the growth of Colletotrichum acutatum var. fioriniae, which might have aided sexual crossing in this strain. Hemlock stands typically grow in riparian areas that help create a microclimate where relative humidity as a rule can reach 80% in the summer and attain 80 d/y of mist (Baldwin 1973, McGuire and Forman 1983) . This environment also might aid the endophytic infection of plants in the area where infected insects occur. The propensity of C. acutatum to endophytically colonize plants adjacent to infected hosts also has been shown by Freeman et al (2001) . Endophytic infections might function as a reservoir and play a role in maintaining the infection in the environment.
The capacity of Colletotrichum acutatum var. fioriniae to infect members of two kingdoms widens the host range for this species. The classification of members of this genus is in part determined by the identity of their hosts. The identification of a strain which affects a wide variety of plants as well as an insect illustrates the difficulties inherent in using host identity for species segregation. This work indicates that many characters, including morphological and molecular, should be used to classify members of this genus.
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